We present a systematic ab initio study based on density-functional calculations to understand impurity effects in iron-based superconductors. Effective tight-binding Hamiltonians for the d-bands of LaFeAsO with various transition-metal impurities such as Mn, Co, Ni, Zn, and Ru are constructed using maximally-localized Wannier orbitals. Local electronic structures around the impurity are quantitatively characterized by their onsite potential and transfer hoppings to neighboring sites. We found that the impurities are classified into three groups according to the derived parameters: For Mn, Co, and Ni, their impurity-3d levels measured from the Fe-3d level are nearly 0.3 eV, −0.3 eV, and −0.8 eV, respectively, while, for the Zn case, the d level is considerably deep as −8 eV. For the Ru case, although the onsite-level difference is much smaller as O(0.1) eV, the transfer integrals around the impurity site are larger than those of the pure system by 20% ∼ 30%, due to the large spatial spread of the Ru-4d orbitals. We also show that, while excess carriers are tightly trapped around the impurity site (due to the Friedel sum rule), there is a rigid shift of band structure near the Fermi level, which has the same effect as carrier doping.
I. INTRODUCTION
Since the discovery of high transition-temperature superconductivity in F-doped LaFeAsO by Kamihara et al.,
1 iron-based superconductors have attracted an enormous interest. While extensive theoretical and experimental studies have been performed so far, the pairing mechanism is yet to be unclear. Among various physical properties characterizing the new superconductors, the robustness of the superconductivity against impurity doping has been expected to provide a crucial hint to determine the symmetry of the pairing gap function and pin down precisely the glue of the pairing.
Up to present, several types of the gap symmetry has been proposed. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In particular, the s ++ -wave pairing without sign changes in the Brillouin zone and the s ± -wave pairing for which electron and hole Fermi pockets have opposite sign have been recognized as strong candidates. Experimentally, although some phase-sensitive experiments suggest the existence of sign changes in the gap function, 14, 15 there have been many reports which claim that the pair-breaking effect by impurity doping is rather weak for various impurity dopants. Especially, Ni et al. 22 and Kobayashi et al. 23 found that the reduction of the transition temperature is simply determined by the amount of doped carriers, but not by the species of impurity dopants or the details of the local electronic structure around the dopant. While these observations can be understood in terms of the s ++ -pairing scenario, it is not trivial whether the s ± -pairing can also explain the experiments. Indeed, according to theoretical calculations for tight-binding impurity models with the T-matrix approximation 16 or the Bogoliubov-de Genne equation, 17 very small amount of impurities can easily wash out the s ± pairing, especially when the onsite impurity potential is positive. On the other hand, within the same models, we may still think about the possibility of the s ± pairing when the onsite impurity potential is negative and not so deep. 16, 17 Thus, quantitative and realistic estimations of the impurity potential are highly desired.
In fact, there have been several ab initio calculations studying the impurity effects in iron-based superconductors. [18] [19] [20] [21] Among them, Kemper et al. estimated the impurity potential of Co in BaFe 2 As 2 . 18 However, one of the important aspects of the impurity effect in the iron-based superconductors is their appreciable impurity-species dependence, [22] [23] [24] so that we need a systematic calculation for various dopants.
The purpose of the present paper is to study systematically local electronic structures of various non-magnetic impurities such as Mn, Co, Ni, Zn, and Ru, by means of ab initio density-functional calculations. 25 For quantitative characterization of the impurity effect, we derive tight-binding impurity models using maximally-localized Wannier orbitals. 26, 27 We see that the local electronic structure around the impurity can be classified into three types; (i) for Mn, Co, and Ni, their d levels measured from the Fe-3d level are 0.3 eV, −0.3 eV, and −0.8 eV, respectively, (ii) the Zn-3d level lies very deep (∼ −8 eV), so that the Zn site can be regarded as a simple vacancy, and (iii) while the level difference between Ru-4d and Fe-3d orbitals is quite small as O(0.1) eV, there are appreciable transfer modulations. We also show that the impurity substitution indeed work as an effective doping, even though excess carriers are tightly trapped at the impurity site.
The structure of the paper is as follows: In Sec. II, we derive tight-binding impurity models with maximally-localized Wannier functions and introduce onsite-potential differences and transfer modulations to characterize the local electronic structure around the impurity. Section III is devoted to present the computational results for supercell-band structures, basic properties of the Wannier functions, and parameters in the tight-binding model. In Sec. IV, we discuss how impurity doping affects low-energy electronic structures of LaFeAsO. The concluding remarks are given in Sec. V.
II. BASIC QUANTITIES SPECIFYING AN IMPURITY HAMILTONIAN
We consider the following effective one-body Hamiltonian including a single impurity as
where
) is a creation (annihilation) operator of an electron with spin σ at the µth Wannier orbitals at the ith iron site. The quantities ǫ µi and t µiνj are ionization potential and transfers between iron sites, respectively, which are expressed as ǫ µi = φ µi |H|φ µi and t µiνj = φ µi |H|φ νj
with |φ µi =a † µi |0 . For the third and fourth terms in Eq. (1), ξ σ † µ0 (ξ σ µ0 ) is a creation (annihilation) operator of an electron with spin σ at the µth orbital of an impurity site at the origin. The parameters I µ0 and T µ0νj describe an impurity-ionization potential and transfers between the impurity and iron sites, which are given by
with |Φ µ0 =ξ † µ0 |0 . We note that our impurity model in Eq. (1) does not contain the interaction terms. In the present study, we put emphasis on examining impurity effects of non-magnetic impurity.
A crystal Hamiltonian H 0 without impurities is given by
In the above, we assume that the iron ionization potentials ǫ µi and the transfers between iron sites t µiνj are the same as those of H in Eq. (1). We define effective onsite impurity potentials measured from the Fe-3d levels as follows:
In practical calculations, since we employ a finite system, the resulting potential should be corrected in terms of a difference in the Fermi levels of the two systems:
with ∆E F = E F − E 0 F , where E F and E 0 F are the Fermi levels for the impurity and pure systems, respectively. In addition, we define modulations in transfer amplitudes via Eqs. (2) and (3) as
to see the impurity effect on the offsite parameters.
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Notice that the above modulation is defined via absolute values of the transfers. The onsite impurity potential are often calculated as 18, 29 
where |φ µ0 are the iron Wannier orbitals for the pure system (or atomic orbitals representing basis functions of H 0 ). The difference between the above ∆Ĩ µ and ∆I µ in Eq. (5) is that the former does not consider relaxation effects of the impurity orbital. In usual tight-binding formalism, the impurity potential is addressed as a local operator. However, when we employ an ab initio pseudopotential formalism, we need non-local operators to describe electronic structures. Thus, ∆Ĩ µ can be decomposed into the local and non-local contributions as follows:
with ∆V loc = V loc − V 0 loc and ∆V NL = V NL − V 0 NL , with the Fermi-level correction ∆E F . We give computational details of the calculation in Appendix A.
III. RESULTS
Our ab initio density-functional calculations were performed with Tokyo Ab initio Program Package. 30 With this program, electronic-structure calculations with the generalized-gradient-approximation (GGA) exchangecorrelation functional 31 were performed using a planewave basis set and the Troullier-Martins norm-conserving pseudopotentials 32 in the Kleinman-Bylander representation. 33 Pseudopotentials of transition-metal atoms were supplemented by the partial core correction, 34 which is crucial in describing the low-energy band structures correctly. A 3×3×1 supercell containing 18 transition-metal atoms including one impurity atom was employed. The experimental crystal structure was taken from Ref. 35 for LaFeAsO and the same geometry was used for all the impurity systems. The cutoff energies in wavefunctions and charge densities were set to 64 Ry and 256 Ry, respectively, and a 3×3×3 k-point sampling was employed. Figure 1 shows our calculated supercell GGA band structures of impurity and pure systems, denoted by red solid lines. Tight-binding bands obtained by diagonalization of the impurity Hamiltonian in Eq. (1) are also shown by blue dotted lines, where ionization potentials and transfer integrals [Eqs. (2) and (3)] were derived with the resulting Wannier functions. The Wannier functions were successfully constructed for Mn, Co, Ni, and Ru, where the d bands are well separated from As-4p/O-2p bands, but we failed to do that for Cu even with the "entangled-band" treatment, 27 because the Cu3d bands lie deeply inside the As-4p/O-2p bands. In the Zn-impurity case [ Fig. 1 (e) ], the Zn-3d levels are much lower than those of the As/O bands, so that it has no trouble to construct the Wannier orbitals.
To see basic properties of the resulting Wannier functions, we consider the following quantities: First, the spatial spread of the Wannier functions in the real space is defined by
An averaged value is given asΩ = µ Ω µ /5. The orbital occupancy of the impurity atom is defined by
with ψ αk and f αk being the Bloch orbital and its occupancy, respectively. The site occupancy is given as the sum over the orbitals; n tot = µ n µ . Overlap integrals between the impurity and pure-Fe orbitals is
which is a quantitative measure of differences in the size and shape of the impurity-d and Fe-d Wannier functions. To see how strongly the impurity-d orbitals hybridize with surrounding As orbitals, we consider the center of the Wannier orbitals. From the orbital symmetry, only d yz/zx orbitals exhibit a finite shift from the iron layer and this shift is calculated as
where z 0 denotes the height of the iron layer. When ∆z is negative, the impurity d yz/zx orbitals are close to the As site, indicating a large hybridization. We summarize in TABLE I the results for our calculated Wannier functions. From Ω and S, we see that the size and shape of the Wannier functions of the Mn and Co sites are closely similar to those of the Fe site. In the Ni and Ru cases, Ω (S) is appreciably larger (smaller) than those of Fe, due to stronger hybridization between the impurity-d and the As-p orbitals. Larger |∆z| for Ni and Ru than those for Mn, Fe, and Co also supports this observation. On the other hand, for Zn, the d orbitals are almost decoupled with the As-4p orbitals, so that the Wannier functions are as small as those of isolated atomic d orbitals. By comparing calculated site occupancies n tot with nominal charges m, we see that excess carriers of the impurity are tightly trapped around the impurity site as was shown by Ref. 21 . We will discuss these points in more detail in the next section.
We show in TABLE II the onsite-potential differences defined by Eq. (6) between the impurity-d and Fe-d orbitals. While the potential difference is positive ∼0.3 eV for Mn, those for Co and Ni are negative and estimated to be ∼ −0.3 eV and ∼ −0.8 eV, respectively. Since the number of valence d electrons is smaller (larger) for Mn (Ni and Co) and ionization potential of 3d-transition metals is deeper for heavier elements, the qualitative tendency of the present result is reasonable. For a reference, we compare the results with "atomic" onsite-energy differences from the parameters given by Harrison, 36 from which we see the same trend. We note that the amplitude of the potential difference should be larger for localized "atomic" orbitals than for hybridized Wannier orbitals with larger spatial spreads. For the Zn case, we see a rather deep potential, 19 being consistent with the band-structure results of Fig. 1 (e) . The onsite potential difference is quite small for Ru, since Ru and Fe are isovalent. We note that the Fermi-level correction ∆E F is very small for all cases (see the bottom row), indicating that the size of the present supercell (3×3×1) is large enough so that interactions between impurities are negligible.
We next show in TABLE III modulations in diagonal transfer integrals defined by Eq. (7). Since we compare the absolute values of the transfers, when the value in the table is positive (negative), the transfers increase (decrease) by impurity doping. For Mn and Co, the modulation is nearly 10 % compared to the transfers of the pure system (denoted by t 0 for nearest and t Zn (almost atomic 3d orbitals) and Ru (extended 4d orbitals), the orbital relaxation affects the results qualitatively; the sign of ∆I c and ∆Ĩ c are different.
IV. DISCUSSION
When impurities are doped into superconductors, we can consider two kinds of effects. One is the so-called pair-breaking effect, which can be theoretically studied by onsite-potential differences or transfer modulations in the tight-binding Hamiltonian. As was mentioned above, the chemical trend of these parameters can be understood in terms of the atomic d levels of the impurities; when the d level is low, the potential difference and the transfer modulation due to the hybridization with As-4p orbitals are large. The other impurity effect is carrier doping. As was discussed in Ref. 21 , theoretically, the excess carriers of the dopants are trapped around the impurity (TABLE I), apparently suggesting that the impurities does not supply carriers to the system. On the other hand, many experiments such as the Hall-conductivity measurement 23 suggest that the impurity supplies carriers to the system. Below, we discuss this problem in more details. Figure 2 shows low-energy band structures near the Fermi level. To see impurity effects on the band structures, we compare the band for the impurity system (thick-red lines) with that for the pure system (thin-solid lines). For the cases of Mn, Co, Ni, and Cu, we see a systematic downward rigid shift of the band structure. For the Zn case, the band structure of the impurity system is totally different from the original band structure, because the Zn-3d orbitals do not exist in the low-energy region [see also Fig. 1 (e) ]. For the Ru case, we see a similarity between two band structures, implying a weak effect on the low-energy band structures.
To show the above observed rigid shift clearer, in Fig. 3 , we superpose electronic density of states calculated for the Mn-to Ni-impurity cases. The nature of the rigid-band shift well holds especially for the low-energy region near the Fermi level (inset). This rigid shift makes the same changes in the Fermi surface as by doping. For Mn, the electron (hole) pocket is larger (smaller) than that of the pure system. The opposite results are obtained for the Co and Ni cases. We note that the uni- (11)], and overlap between the impurity orbitals and the iron ones, S, defined in Eq. (12) are compared for each element. An averaged value of the Wannier spreadΩ, a site occupancy ntot, and a nominal charge m are also given. The bottom row describes a change in the center of the dyz (or dzx) MLWO from the iron layer, ∆z. The unit of Ω,Ω, and ∆z areÅ. The overlap S is given by %. form shift in k-space band dispersion reflects the locality of the potential change formed around an impurity site. In order to examine this point in more details, we calculate partial density of states (pDOS) of the d orbitals. The pDOS is further decomposed into the impurity-M and iron contributions as
with
and Figure 4 displays the resulting pDOS for Mn (top) to Ru (bottom). Thin-black and thick-red solid lines are the total [Eq. (14)] and impurity [Eq. (15)] spectra, respectively. (The latter weight is tripled.) We see from the figure that, from Mn to Ni, the weight of the impurity pDOS shift from the high-energy to low-energy sides. The observation for the rigid shift is quantified by calculating the centers of pDOS in Eqs. (14)- (16), defined as In summary, according to our presented observations, the impurities are classified as three groups: (i) For Mn, Co, and Ni doping, the rigid-band shift is appreciable and consistent with the fact that these dopants work as effective doping, which has been already verified experimentally. 23 (ii) In contrast to those, the Zn doping generate a large modulation in the low-energy band structure, which will lead to strong pair breaking for superconductivity. Supposing that Cu is in between Ni and Zn, the Cu substation is expected to have the both effects in the same weight. (iii) For analyses of the Ru doping, we need careful considerations; in this system, the transfer modulations are appreciable and a care is required when we solve the impurity model with this transfer modulation. How it works as pair breaking for superconductivity is an interesting future issue. Finally, we give a remark for the trend in electron correlations. The ab initio estimations for the interaction parameters of LaFeAsO were done with several techniques. 37 Basically, the magnitude of the interaction parameters is dominated by two factors; one is the spatial spread of the Wannier orbital and the other is the number of the screening channels. Since the latter is common for all the materials, the Wannier-spread difference makes an effective difference in the interaction values. As far as we see the Wannier spread Ω listed in TABLE I, we expect that (i) the interactions for Mn and Co will be close to those for the pure Fe system because these elements have similar Ω values, while (ii), as a result of larger spatial spreads of Ni and Ru than the Fe ones, these interactions are smaller than the Fe ones; less correlated.
V. CONCLUSION
We have calculated parameters specifying a singleimpurity Hamiltonian of iron-based superconductors, such as onsite-energy differences between the impurityand iron-d orbitals and transfer modulations, with maximally localized Wannier orbitals based on ab initio density functional calculations. The onsite-energy difference for Mn is positive and those for Co and Ni are negative, which are basically understood in terms of differences in atomic 3d levels of each element. For the Zn case, the impurity d levels are no longer near the Fermi level, so, in this system, the impurity behaves as a vacancy. For the Ru case, while the onsite-level difference is quite small, due to more spatial spread of the Ru orbitals than the Fe ones, the transfer changes are appreciable and estimated to be ∼70 meV for the nearest neighbors and ∼120 meV for the next neighbors.
We have found that the calculated site occupancy of the impurity is close to a nominal value, so that the impurities apparently do not work as carrier dopants. Nevertheless, an effective doping can occur as a result of a rigid band shift of low-energy electronic structures toward the lower energy side, by a replacement to heavier impurity elements instead of Fe. The origin is understood by the shift of the center of the impurity pDOS, leading to the depression of the weight of the impurity states near the Fermi level.
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